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Abstract

We present a search for new particles that decay into b�b and are produced

in association with W bosons in p�p collisions at
p
s = 1:8 TeV. The search

uses 109�7 pb�1 of data accumulated by the CDF experiment at the Fermilab

Tevatron from 1992 through 1995. We select events with an electron or muon,

a neutrino, and two jets, one of them b-tagged. Both the number of tagged

events and the two-jet mass distribution are consistent with standard model

expectations. Using W+Higgs production as a model to calculate the accep-

tance, we set a 95% con�dence level upper limit on the production cross section

times branching ratio for the new particle. This upper limit ranges from 14 to

19 pb as the particle mass varies from 70 to 120 GeV/c2.

PACS numbers: 14.70.-e, 13.85.Qk, 13.85.Ni, 02.20.Fh

For several decades, the standard model has been remarkably successful in ex-

plaining and predicting experimental data. However, the mechanism of electroweak

symmetry breaking is still not known. The two most popular mechanisms to induce

spontaneous symmetry breaking of a gauge theory, resulting in the gauge bosons and
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fermions acquiring masses, are the Higgs mechanism [1] and the dynamics of a new

interaction such as Technicolor [2]. Both mechanisms predict the existence of a new

particle X with unknown mass which could be produced at the Tevatron through

p�p ! WX with a production cross section of the order of 0.1 pb to 10 pb. In this

Letter we present a search for new particles that decay into b�b and are produced in

association with a W boson in p�p collisions at
p
s = 1:8 TeV. The search is based on

109 � 7 pb�1 of data accumulated by the CDF experiment at the Fermilab Tevatron

from 1992 through 1995.

The experimental signature considered is WX with W ! e� or ��, and X ! b�b,

giving �nal states with one high-PT lepton, large missing transverse energy ( 6ET)

due to the undetected neutrino and two b jets [3]. The ability to tag b jets with

high e�ciency and a low mistag rate is vital for searching for the decay of X ! b�b.

We use the secondary vertex (SECVTX) and soft-lepton (SLT) b-tagging algorithms

developed for the top quark discovery [4].

The CDF detector consists of a magnetic spectrometer surrounded by calorimeters

and muon chambers [5]. A four-layer silicon vertex detector [6], located immediately

outside the beampipe, provides precise track reconstruction in the plane transverse to

the beam and is used to identify secondary vertices from b and c hadron decays. The

momenta of charged particles are measured in the central tracking chamber (CTC)

which is inside a 1.4-T superconducting solenoid. Outside the CTC, electromagnetic

and hadronic calorimeters are segmented in projective towers in the pseudorapid-
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ity region j�j < 4.2 [3] and are used to identify electron candidates and jets. The

calorimeters are also used to measure the missing transverse energy (6ET) which can

indicate the presence of energetic neutrinos. Outside the calorimeters, drift chambers

in the region j�j < 1.0 provide muon identi�cation. A three-level trigger selects events

that contain an electron or a muon for this analysis.

The event selection for the search starts with the requirement of a primary lepton,

either an isolated electron with ET > 20 GeV or an isolated muon with PT > 20

GeV/c, in the central region (j�j < 1.0) [7]. AW boson sample is selected by requiring

6ET> 20 GeV. Events which contain a second, same-
avor lepton with PT > 10 GeV/c

are removed as possible Z boson candidates if the reconstructed ee or �� invariant

mass is between 75 and 105 GeV/c2. The events must also not be accepted by the CDF

top dilepton analysis [4]. To further reduce the dilepton backgrounds, we reject events

with an additional high-PT isolated track (PT > 15 GeV/c) with opposite charge to

that of the primary lepton [8]. The remaining events are classi�ed according to jet

multiplicity. A jet is de�ned as a cluster of ET-weighted calorimeter towers within a

�xed radius �R =
q
(��)2 + (��)2 = 0:4, and is required to have an observed ET >

15 GeV and j�j < 2.0. The W+ 2 jet bin is expected to contain most of the signal,

while the other bins are used to check the background calculation.

In order to enhance the signal in the W+ 2 jet bin, we require that one or both

of the jets be identi�ed (`tagged') as coming from a b hadron. We require at least

one jet to be tagged by the SECVTX algorithm, which has a higher signal-to-noise
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ratio than the SLT algorithm. For the single-tag analysis, the other jet must not be

tagged, while for the double-tag analysis the second jet must be tagged by either the

SECVTX algorithm or the SLT algorithm.

The SECVTX tagging algorithm begins by searching for secondary vertices that

contain three or more displaced tracks. If none is found, the algorithm searches for

two-track vertices using more stringent track criteria. A jet is declared tagged if it

contains a secondary vertex with a transverse displacement from the primary vertex

(Lxy) divided by the measurement uncertainty (�) satisfying Lxy=� > 3.

The SLT tagging algorithm identi�es electrons and muons from semileptonic b de-

cays by matching CTC tracks with PT > 2 GeV/c with clusters of electromagnetic

energy in the calorimeters or tracks in the muon chambers. To gain additional back-

ground rejection, we require the SLT track to lie within �R < 0.4 of the axis of a jet

and to be displaced in the transverse plane from the primary vertex by at least two

standard deviations in the jet direction (`positive signed impact parameter'). This

latter requirement reduces lepton misidenti�cations by a factor of �ve while retaining

65% of the e�ciency.

The acceptance for identifying WX events is calculated from data and a standard

model simulation of Higgs production [9] via W � ! WH0 !Wb�b, where the Higgs is

forced to decay into b�b with a 100% branching ratio. This is done as a function of the

Higgs mass (MH0) using the selection cuts described above. The lepton identi�cation

e�ciencies are measured from Z ! `+`� events to be 92�1% for muons and 82�1%
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for electrons. The trigger e�ciency is determined from a combination of data and sim-

ulation to be 81:5�8:0% for muons and 99:8�0:2% for electrons. The SECVTX and

SLT b-tagging e�ciencies are obtained from a combination of data and Monte Carlo

calculations [4]; for a Higgs mass of 110 GeV/c2, the probability of a single SECVTX

tag is 25�2%, of a double SECVTX tag is 8:2�1:3%, and of a SECVTX-SLT double

tag is 2:2 � 0:2%. The total acceptance is calculated as a product of the kinematic

and geometric acceptance, the lepton identi�cation e�ciency, the trigger e�ciency,

the b-tagging e�ciency, and the W leptonic branching ratios. A 25% systematic un-

certainty in the acceptance comes from uncertainties in the modeling of initial and

�nal state radiation (20%), jet energy (10%), b-tag e�ciency (8%), average electron

and muon trigger e�ciency (5%), and lepton identi�cation (5%). The acceptance in-

creases monotonically from 0:53� 0:13% (0:17� 0:04%) to 1:1� 0:3% (0:42� 0:11%)

for single (double) tagging as MH0 increases from 70 to 120 GeV/c2.

Background events come predominantly from the direct production of W bosons

in association with heavy quarks (Wb�b, Wc�c, Wc), mistags due to track mismea-

surements, and t�t and single top production (W � ! tb, gW ! tb) [10]. Other small

backgrounds include b�b, diboson (WW orWZ) and Drell-Yan lepton pair production,

and Z ! �+�� decays. To determine the number of mistags we �rst parameterize the

mistag rate in an inclusive jet sample [4] as a function of jet ET and track multiplicity.

We apply this to the W+ jets sample to estimate the expected number of mistagged

events. To estimate the W plus heavy quark backgrounds, we use the HERWIG [11]
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Monte Carlo program to calculate, in each jet multiplicity bin, the fraction of W+

jet events that contain heavy quarks and the corresponding tagging e�ciencies. The

number of background events in a given jet multiplicity bin is then obtained as the

product of these quantities times the observed number of W+ jet events corrected for

contributions from top production and other small backgrounds. The top quark con-

tributions (t�t and single top) are estimated with HERWIG and PYTHIA [9] Monte

Carlo calculations, using the CDF measured cross section (�t�t = 7:5+1:9�1:6 pb) [12]

and a theoretical calculation of single top production (�W �!tb = 0:74 � 0:05 pb and

�gW!tb = 1:8 � 0:5 pb ) [10] , for a top quark mass of 175 GeV/c2. The other small

backgrounds are estimated from a combination of Monte Carlo simulations and data.

The numbers of observed single-tagged and double-tagged events and the corre-

sponding background estimates are shown in Table 1. By construction, data and

expectations are in reasonably good agreement in the W+ � 3 jet bins, which, along

with other t�t decay channels, were used to measure the t�t production cross section [12].

The number of b-tags in theW+ 1 and 2 jet bins can be compared to the background

calculation. The W+ 2 jet bin shows a small excess of single-tagged and double-

tagged events. Using a Monte Carlo simulation that accounts for the correlations

among tags, we compute a probability that the expected number of single-tagged

events 
uctuates to 36 or more and that of double-tagged events to 6 or more. This

probability is found to correspond to one standard deviation.

To increase the sensitivity of the search we look for a resonant mass peak in
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the reconstructed two-jet invariant mass distribution using the 4-momenta of jets as

measured by the calorimeter, corrected for detector e�ects [13]. The distributions

for single-tagged and double-tagged events are shown in Figure 1, along with the

background expectation. The two-jet mass distributions from the various QCD back-

grounds (Wb�b, Wc�c, Wc, mistags, and other small backgrounds) are similar, while

top production yields a distribution shifted towards higher masses. The single-tag

data show a slight excess of events at higher two-jet mass but there is no mass peak as

would be expected from the two-body decay of a new particle. The expected two-jet

invariant mass distribution for standard model WH0 production followed by the de-

cay H0 ! b�b, obtained using the PYTHIA Monte Carlo program and a full detector

simulation, is shown in Figure 2 for MH0 =110 GeV/c2.

We set an upper limit on the production cross section times branching ratio of

p�p! WX as a function of the mass of X by using the number of events in the W+

2 jet samples and the shape of the two-jet mass distributions. We assume the single-

tagged and double-tagged two-jet mass distributions consist of QCD, top and WX

events. We then use a binned maximum-likelihood technique to estimate the number

of WX signal events by constraining the numbers of QCD and top events to the

expected values, within the statistical and systematic uncertainties on the acceptance

and background calculations. The expected number of events (�) in each mass bin is

� = fQCD �NQCD + ftop �Ntop + fWX � (� � L � �WX �B(X ! b�b));
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where fQCD, ftop and fWX are the expected fractions of events in a given mass bin

predicted by Monte Carlo calculations, and NQCD, Ntop, �, L and �WX � B(X ! b�b)

are, respectively, the expected numbers of QCD and top events, and the detection

e�ciency, integrated luminosity and unknown WX production cross section times

branching ratio of X decaying into b�b. The likelihood is

L = G(L; �L; �L) �G(NQCD; �NQCD; �) �G(Ntop; �Ntop; �) �G(�; ��; �) � Tsingle � Tdouble;

where Tsingle and Tdouble are of the form T =
Q

i P (Ni;�). Here G(x; �x; �) is Gaussian

in x, with mean �x and width �, and P (n;�) is the Poisson probability for n observed

events with expected mean �.

The �t yields �WX � B(X ! b�b) in the range from 0:2+4:7�0:0 to 5:7+4:2�3:0 pb for a

new particle of mass between 70 and 120 GeV/c2, statistically compatible with no

signal. The corresponding 95% con�dence level upper limits range from 14 to 19 pb

and are shown in Figure 3. We have studied additional systematic e�ects, including

uncertainties in the b-jet energy corrections and the Wb�b and t�t two-jet mass spectra;

these have a negligible e�ect on the upper limits.

The sensitivity of the present search is limited by statistics to a cross section ap-

proximately two orders of magnitude higher than the predicted cross section for stan-

dard model Higgs production [14], although comparable to some models of technicolor

production [15]. Additional sensitivity can be obtained in the channel in which the

vector boson decays hadronically. An analysis of this channel is in preparation. For
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the next Collider run we hope for a factor of two improvement in the double b-tagging

e�ciency and an approximately twenty-fold increase in total integrated luminosity.

In conclusion, we have performed a search for new particles that decay into b�b and

are produced in association with a W boson at CDF. The two-jet mass spectrum

shows no signi�cant peak for either single or double-tagged events. Using standard

model WH0 production as a model, we set a 95% con�dence level upper limit in the

range from 14 to 19 pb on the production cross section times branching ratio for new

particles of mass between 70 and 120 GeV/c2.
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W+1 jet W+2 jet W+3 jet W+ �4 jet

Before tagging 10 135 1 527 232 67

Events with single tag

QCD 65 � 13 22:4 � 4:5 4:9� 1:1 1:4 � 0:4

top 2:2 � 0:7 7:2� 1:4 11:0� 1:7 11:6 � 3:0

QCD + top 67 � 13 30 � 5 16� 2 13 � 3

observed ( e+jets ) 36 22 4 5

observed ( �+jets ) 30 14 7 7

Events with double tag

QCD 0 1:6� 0:4 0:3� 0:1 0:15 � 0:03

top 0 1:4� 0:4 3:3� 0:5 5:0 � 1:1

QCD + top 0 3:0� 0:6 3:6� 0:6 5:2 � 1:1

observed ( e+jets ) 0 2 3 2

observed ( �+jets ) 0 4 3 0

Table 1: The predicted numbers of tagged W+ n jet events from QCD backgrounds

(Wb�b, Wc�c, mistags, Wc and other small backgrounds) and top production (t�t and

single top) and the number of events observed.
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Figure 1: The measured two-jet mass distribution in the data along with background

expectations from (a) single-tagged events and (b) double-tagged events.



Figure 2: The expected sum of single and double-tagged two-jet mass distributions

from QCD (dotted), 175 GeV/c2 top (dashed), and standard model WH0 production

(solid) with MH0 = 110 GeV/c2. The WH0 distribution has been scaled up by a

factor of 50.



Figure 3: The 95% C.L. upper limit (black squares) on the WX production cross

section times branching ratio of X decaying into b�b as a function of new particle

mass. Also shown is the theoretical cross section (dotted) for the production of a

standard model Higgs boson in association with a W boson.


